Introduction
The corpus callosum (CC) comprises the largest fiber tract within the cortex and consists of axons that join the 2 cerebral hemispheres, enabling interhemispheric communication and subsequent coordination of activity (Yorke and Caviness 1975) . In rodents, axons crossing the CC originate predominantly from neurons located in layers II, III, and V of the cerebral cortex. Development of the CC begins embryonically and continues postnatally; for instance, in mice, CC development begins at approximately embryonic day 15 (E15) and continues to postnatal day 14 (P14) (Plachez and Richards 2005) . Many molecular determinants regulating the guidance of neocortical axons across the CC have recently been identified ). These include axon guidance molecules such as Slit2 (Shu and Richards 2001; Bagri et al. 2002) and Netrin1 (Serafini et al. 1996) and axon guidance receptors including Robo (Andrews et al. 2006) , Deleted in Colorectal Cancer (DCC; Fazeli et al. 1997) and Ryk (Keeble et al. 2006) . Furthermore, midline glial populations, including the glial wedge and indusium griseum glia, are also critical for CC development. Defects in midline glial development, such as that observed in mice lacking Nfia or Fgfr1, correlate with deficits in CC formation Smith et al. 2006) .
Pioneer neurons are the first to project axons along pathways in the nervous system that later form axon tracts. The first pioneer axons to cross the midline, and so initiate CC development, derive from the most medial aspect of the cortex, the cingulate cortex. These pioneering axons cross the midline at around E15 in mice and E17 in rats (Koester and O'Leary 1994; Rash and Richards 2001) . Such pioneers are critical for axon tract development. For instance, the other main efferent axonal projection from the mammalian cortex, the corticothalamic pathway, is pioneered by subplate neurons that project into the internal capsule (McConnell et al. 1989; De Carlos and O'Leary 1992) . Ablation of subplate pioneer neurons results in aberrant corticothalamic (McConnell et al. 1994 ) and thalamocortical pathway formation (Ghosh et al. 1990; Ghosh and Shatz 1993) . Two distinct groups of pioneer neurons, Cajal--Retzius cells and GABAergic neurons, have also been demonstrated to regulate the development of entorhinal and commissural connections to the hippocampus (Super et al. 1998) , further emphasizing the importance of pioneering neurons in cortical development. However, although Pax6 and R-cadherin have been implicated in regulating the guidance of longitudinal axons pioneering the tract of the postoptic commissure (Andrews and Mastick 2003) and Slit--Robo signaling has recently been shown to regulate the guidance of axons that pioneer longitudinal tracts between the brain and spinal cord (Farmer et al. 2008) , little is known about the molecules that regulate the guidance of neocortical pioneers, including those of the CC.
Here, we demonstrate that neuropilin 1 (Npn1) is expressed on the axons of cingulate pioneers, as they traverse the CC, and plays an important role in the development of this axon tract. Npn1 is a high-affinity receptor for the class 3 semaphorins (Semas) (He and Tessier-Lavigne 1997; Takahashi et al. 1999) and regulates axon guidance in a variety of contexts, including hippocampal formation (Pozas et al. 2001; Gu et al. 2003) , dorsal root ganglion development (He and Tessier-Lavigne 1997) , and the innervation of the inner ear and spinal cord by sensory afferents (Gu et al. 2003) . Using immunohistochemisty and in situ hybridization, we demonstrate that cingulate pioneer neurons express Npn1, L1, and members of the plexin A subfamily. Multiple class 3 Semas are also expressed at the cortical midline from E15 to E17, and using an in vitro coculture paradigm, we show that Sema3C acts as an attractant for cingulate cortex neurites. Furthermore, we use mice lacking the transcription factor Emx2, which have a reduced cingulate cortex (Pellegrini et al. 1996) , to demonstrate a strong correlation between the presence of Npn1-expressing pioneers and the presence of the CC. These data provide a description of the molecular mechanisms driving guidance of cortical pioneers during development and demonstrate that Npn1 plays a crucial role in the formation of the CC.
Materials and Methods

Mouse Strains
All the animals were bred on-site at The University of Queensland with approval from The University of Queensland Animal Ethics and Animal Welfare Unit. Animals used in this study were wild-type C57Bl/6J, Npn1
Sema- (Gu et al. 2003) , Emx2-deficient (Pellegrini et al. 1996) , and Sema3A-deficient (Behar et al. 1996) mice. Timed-pregnant females were obtained by placing male and female mice together overnight. The following day was designated as embryonic day 0 (E0) if the female had a vaginal plug. Heterozygous mice were bred to obtain wild-type, heterozygous, and homozygous progeny. Embryos were genotyped by polymerase chain reaction.
Immunohistochemistry
On the required gestational day, embryos were transcardially perfused with 0.9% saline, followed by 4% paraformaldehyde (PFA), and then postfixed in 4% PFA for 24 h before being stored in phosphate buffered saline at 4°C until sectioning. Brains were removed, blocked in 3% noble agar (DIFCO, Sparks, MS), and then sectioned coronally at 45 lm on a vibroslicer (Leica, Nussloch, Germany). Sections were processed free floating for immunohistochemistry using the chromogen 3,3#-diaminobenzidine as described previously Plachez et al. 2008) . Primary antibodies used for immunohistochemistry were anti-Npn1 (a gift from Prof. David Ginty, Johns Hopkins University; 1/75 000), anti-L1 (Chemicon International, Bedford, MA; 1/5000), and anti-DCC (a gift from Assoc. Prof. Helen Cooper, Queensland Brain Institute, The University of Queensland; 1/30 000). Secondary antibodies used were biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA; 1/1000) and biotinylated donkey anti-rat IgG (Jackson ImmunoResearch, West Grove, PA; 1/500).
In Situ Hybridization
For in situ hybridization, embryos were transcardially perfused with PFA, blocked, and sectioned at 45 lm on a vibroslicer as described above. Sections were then mounted onto Superfrost slides (MenzelGlaser, Brunswick, Germany) and allowed to dry. In situ hybridization was performed as described previously (Piper et al. 2000) with minor modifications. All hybridizations were carried out at 68°C using the color substrate BM Purple (Roche, Mannheim, Germany). Expression patterns were assessed using digoxygenin-labeled antisense riboprobes specific for Npn1, Sema3A, Sema3B, Sema3C, Sema3F, plexin A1, plexin A2, or plexin A3.
Image Acquisition and Analysis
Once mounted and coverslipped, sections were imaged using an upright microscope (Zeiss Z1, Zeiss, Goettingen, Germany) attached to a digital camera (Zeiss AxioCam HRc), and images were captured using AxioVision software (Zeiss). When comparing wild-type to knockout tissue, sections from matching positions along the rostrocaudal axis were selected. For all immunohistochemistry and in situ hybridization experiments, sections from n = 3 different brains of each genotype were analyzed.
Sema3A and Sema3C Transfections in HEK293T Cells
HEK293T cells were transfected either with a full-length mammalian expression vector containing Sema3A or a Sema3C (in which the first furin cleavage site was mutated; both constructs were a gift from Dr Andreas Pu¨schel, Genetik, Westfa¨lische Wilhelms-Universita¨t Mu¨nster, Mu¨nster, Germany) (Adams et al. 1997) or mock transfected as a control with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) using standard protocols. For both Sema3C-and mock-transfected controls, cells were cotransfected with a plasmid encoding red fluorescent protein (RFP). Following transfection, cells were cultured for 24 h and then checked for transfection efficiency via expression of the RFP marker. Cells were then trypsinized, centrifuged, and resuspended in 100 ll of 13 Opti-MEM (Invitrogen), 0.09% v/v NaHCO 3 (Biowhittaker, Charles City, IA), 1% v/v Penicillin--Streptomycin--Fungizone (Invitrogen), and 58% v/v type 1 rat-tail collagen (BD Biosciences, Franklin Lakes, NJ). To make cell blocks, 20 ll of cells were added to 120 ll of warm 2% low melting point agarose (Lonza, Basel, Switzerland) . Once set, the agar was cut into cubes of approximately 500 lm.
Collagen Gel Assay for Neurite Guidance and Outgrowth
The neocortex or cingulate cortex were dissected from E15.5 or E16 embryos and cut into 350 lm explants using a McIlwain Tissue Chopper (The Mickle Laboratory Engineering Co., Guildford, United Kingdom). For hemisected slices, E16 embryonic brains were cut into 300 lm slices using a vibroslicer. Brain slices were then hemisected for the culture assay. Four-well plates were prepared by layering 250 ll of 0.2% collagen mix (in 13 Opti-MEM, Invitrogen; 0.09% v/v NaHCO 3 , Biowhittaker; 1% v/v Penicillin--Streptomycin--Fungizone, Invitrogen; and 58% v/v type 1 rat-tail collagen, BD Biosciences) in each well, which was then allowed to set. On top of this bottom layer of collagen, 3 explants surrounding a mock-transfected control, Sema3A, or Sema3C-transfected cell block, were then quickly embedded in a further 50 ll of 0.2% collagen mix. Explants were placed approximately 500 lm from the cell block. After positioning the explants, the top collagen layer was allowed to set before incubating for 48 h in a 5% CO 2 humidified incubator at 37°C. Explants were then fixed overnight in 10% formaldehyde, before being rinsed and processed for immunohistochemistry. For the Sema3A culture assay, explants were injected with DiI (Invitrogen; in a 10% solution of dimethylformamide) to measure neurite outgrowth. Cultures were then kept at 37°C in the dark to allow dye transport and then counterstained with Sytox green (Invitrogen) to visualize the cell blocks and explants. Cultures were imaged using a confocal microscope (Fluoview FV5000, Olympus, NY). For the Sema3C culture assay, the primary antibody used was antineuronal-specific bIII tubulin (TuJ-1 clone, R&D Systems, Minneapolis, MN; 1/1000). The secondary antibody was goat anti-mouse Alexa Fluor 488 (Invitrogen; 1/1000). Following staining for neurites, explants were imaged at 53 magnification. Approximately 10 to 15 optical sections were imaged through each explant with an upright Axio-Imager Z1 (Zeiss) microscope fitted with ApoTome (Zeiss) and an AxioCam HRm camera (Zeiss) at 20 lm across the explant to obtain all neurites in focus. Optical sections were then flattened into a multiple image projection. To quantify neurite outgrowth, each explant image was processed using an algorithm and implementation modified from Weaver et al. (2003) . This consisted of pre-and postprocessing in MATLAB (The Mathworks Inc., Natick, MA) and C code, which automatically identified explants and used a ridge-tracing algorithm to locate neurite pixels. The total number of neurite pixels per explant was quantified, as was the total number of neurite pixels on both the side of the explant proximal to, and that distal to, the cell block. These results were then used to calculate the guidance ratio (GR) and the outgrowth for each explant (Rosoff et al. 2004) . The GR was defined as: GR = (proximal neurite pixels -distal neurite pixels)/(total neurite pixels). Outgrowth was defined as: outgrowth = (proximal neurite pixels + distal neurite pixels)/total explant pixels. Explants displaying low growth were eliminated by removing all explants with an outgrowth value less than one standard deviation below the mean for that experiment. Statistical analyses were performed using a 2-tailed unpaired t-test. Error bars indicate standard error of the mean (SEM). Data represent pooled results from 3 independent experiments.
Hematoxylin Staining and Statistical Analysis
In all, 45 lm coronal sections of E17 wild-type C57Bl/6J or Emx2 -/-brains were mounted and stained with Mayer's hematoxylin as described previously (Barry et al. 2008 ). Sections were imaged as above, and the dorsoventral width of the brain and of the cingulate cortex was measured. Data from sections encompassing rostral, middle, and caudal CC were pooled from wild-type and mutant embryos. Statistical analyses were performed using a 2-tailed unpaired t-test. Error bars represent the SEM. Data represent pooled results from 4 wild-type and 4 Emx2 -/-brains.
DiI and DiA Labeling
For carbocyanine tract tracing, brains were fixed in 4% PFA and small injections of DiI and DiA (Invitrogen; each in a 10% solution of dimethylformamide) were made into the cingulate cortex (DiI) or hippocampus (DiA) using pulled glass pipettes attached to a Picospritzer. Brains were stored in the dark at 37°C in 4% PFA for at least 4 weeks to allow for dye transport. They were then sectioned coronally at 45 lm using a vibroslicer and imaged using a confocal microscope (Fluoview FV5000, Olympus). Nuclei were counterstained with 4#,6-diamidino-2-phenylindole (blue). (n = 3 brains analyzed for each genotype.)
Results
Cingulate Pioneering Axons Express Npn1
Mouse models have proven extremely useful in studying the mechanisms underlying the development of the CC Piper et al. 2007 ). However, surprisingly little is known about the molecules involved in the guidance of pioneer axons from the cingulate cortex. We recently reported expression of Npn1 on the axons of cingulate pioneers during human embryonic development (Ren et al. 2006) . To determine if such expression was evolutionarily conserved, we analyzed the expression of Npn1 during the period in which cingulate axons first cross the CC in mouse (E15--E17). In situ hybridization showed the localization of Npn1 mRNA to the cingulate cortex at E15--E17 (Fig. 1A--C) , and immunohistochemical analysis further demonstrated that Npn1 protein is localized to axons of cingulate cortex neurons as they pioneer the CC (Fig. 1D--I ). L1, a component of the Npn1 receptor complex (Castellani et al. 2000; Castellani 2002) , is also expressed on cingulate axons as well as on other callosal and corticofugal axons (Fig. 1J--L) . Axons of the cingulate cortex occupy the dorsal region of the tract, pioneering a path for the later arriving neocortical axons that make up the bulk of the CC (compare Fig. 1I with Fig. 1L ). Thin optical sections have revealed that ventrally crossing neocortical axons likely fasciculate with the cingulate pioneers as they cross the midline (Rash and Richards 2001) . These data suggest that Npn1 may regulate the guidance of cingulate pioneer axons.
Expression of Plexins in the Cingulate Cortex
The plexin family of transmembrane receptors are involved in Sema signaling via either direct interactions with Semas or in conjunction with neuropilins in multimeric receptor complexes (Tamagnone et al. 1999) . Multiple plexins are expressed in the developing cortex (Perala et al. 2005) , and expression of plexins A1, A2, and A3 has been reported in the cortical plate of the developing neocortex (Murakami et al. 2001) . As these plexins interact with Npn1 to transduce secreted class 3 Sema signaling (Tamagnone et al. 1999) , we investigated their expression in the Figure 1 . Npn1 and plexin expression in the cingulate cortex. Coronal sections of wild-type brains. Npn1 mRNA is expressed by cells in the cingulate cortex at E15, E16, and E17 (arrows, A--C). Npn1 protein is expressed on the axons of cingulate pioneer neurons (arrowheads) at E15 (D, G), E16 (E, H), and E17 (F, I). Panels G, H, and I are higher magnification views of the boxed regions in D, E, and F, respectively. L1, a coreceptor for Sema signaling, is expressed by all axons crossing the CC at E15 (J), E16 (K), and E17 (L). Plexin A1 mRNA is expressed in the cingulate cortex (arrows) and septum at E15, E16, and E17 (M--O), whereas plexin A2 mRNA expression is restricted to the cingulate cortex (double arrowheads, P--R). Plexin A3 mRNA is expressed in the cingulate cortex (open arrowheads) and the septum between E15 and E17 (S--U). Sp, septum. Scale bar: 600 lm (D), 550 lm (E), 500 lm (F), 250 lm (A, G, J, M, P, and S), 235 lm (B, H, K, N, Q, and T), and 200 lm (C, I, L, O, R, and U).
cingulate cortex by in situ hybridization. Plexin A1 and plexin A3 were both expressed in the cingulate cortex and in the septum from E15 to E17 (Fig. 1M--O, S--U) , whereas the expression of plexin A2 was restricted to the cingulate cortex (Fig. 1P--R) . These expression patterns implicate members of the plexin A subfamily in cingulate axon guidance.
Class 3 Sema Expression at the Cortical Midline
The cortical midline is a source of axon guidance cues such as Slit2 (Shu and Richards 2001) . As Npn1--plexin receptor complexes transduce class 3 Sema signaling (Takahashi et al. 1999; Tamagnone et al. 1999) , we next used in situ hybridization to determine if ligands from this family were expressed at the cortical midline. Sema3A is expressed in the neocortex and is a known repellent for neocortical axons in vitro (Bagnard et al. 1998; Castellani et al. 2000) . At E15, Sema3A mRNA was expressed in the intermediate zone (IZ) of the cingulate cortex, where it could act to regulate the guidance of cingulate axons ( Fig. 2A) . A similar expression pattern was observed at E16 (Fig. 2B ), but by E17, expression had become restricted to a band below the CC (Fig. 2C) , corresponding to the subcallosal sling . Expression of Sema3B and Sema3F was also observed in the IZ at E15 and E16 and in the subcallosal sling at E17, albeit at lower levels than Sema3A (data not shown). Interestingly, Sema3C, a known attractant for neocortical axons in vitro (Bagnard et al. 1998) , was also highly expressed at the cortical midline between E15 and E17. Expression was observed in the IZ at E15 (Fig. 2D) , and this had intensified by E16 (Fig. 2E) . At E17, Sema3C mRNA expression was clearly evident in the subcallosal sling as well as the indusium griseum (Fig. 2F ), a population of glia located just dorsal to the CC that is required for callosal formation (Smith et al. 2006 ).
Sema3A and Sema3C Guide Cingulate Cortex Axons In Vitro
The expression of Sema3A in the IZ and the subcallosal sling from E15 to E17 indicated that this ligand was ideally placed to guide cingulate axons. In vitro coculture experiments showed that Sema3A secreted by cell blocks repelled axons from explants taken from both the neocortex (Bagnard et al. 1998) and the cingulate cortex at E16 (Supplementary Fig. 1) . Furthermore, the ability of Sema3A to repel callosal axons was supported by experiments in which coronal sections of the rostral cortex were hemisected at the midline and cultured next to Sema3A-expressing cell blocks. The axons emanating from the hemisected slices, which correspond to callosal axons, were also repelled by Sema3A (Supplementary Fig. 1 ). Figure 2 . Expression of class 3 Semas in the cingulate cortex. Coronal sections of wild-type brains demonstrating expression of Sema3A (A--C) and Sema3C (D--F) mRNA at the cortical midline. Sema3A is expressed in the IZ (arrowheads) at E15 (A) and E16 (B) and is expressed in the subcallosal sling (double arrowhead) at E17 (C). Sema3C is highly expressed in the IZ (arrowheads) at E15 (D) and E16 (E) and is expressed in both the subcallosal sling (double arrowhead) and the indusium griseum glia (arrow) at E17 (F). Scale bar: 250 lm (A and D), 235 lm (B and E), and 200 lm (C and F).
We further investigated a potential role for Sema3A in guiding cingulate pioneering axons by analyzing Sema3A-deficient mice. However, these mice did not possess any gross defects in CC formation, with no apparent deficits in cingulate pioneer axon guidance (Npn1 expression, Fig. 3A--D) or callosal axon guidance (L1 expression, Fig. 3E--H) at E17 or in the adult (data not shown). This is perhaps not surprising as other major central nervous system axon tracts are relatively normal in Sema3A knockout mice (Catalano et al. 1998) . Major axonal defects seen in the axonal projections of primary sensory neurons (Ulupinar et al. 1999 ) are also corrected later in development (White and Behar 2000) , suggesting that a level of redundancy and compensation may ameliorate any deficiencies in this guidance cue.
The expression of Sema3C dorsally and ventrally to the developing CC makes it another ideal candidate to attract and guide Npn1-expressing cingulate pioneer axons as they first traverse the CC. A Sema3C knockout has been generated recently, and these mice display aortic arch interruption and persistent truncus arteriosus (Feiner et al. 2001 ). However, the development of axon tracts in these mice, including the CC, Figure 3 . The CC forms normally in Sema3A-deficient mice. Coronal sections of wild-type and Sema3A-deficient brains at E17. Npn1 is expressed on the axons of cingulate pioneers in both wild-type (A; arrow in C) and Sema3A mutants (B; arrow in D), although a possible reduction in Npn1-expressing axons in the mutant is evident. The CC in Sema3A-deficient mice appears grossly normal in comparison to wild-type controls as assessed by L1 expression (E--H). Panels C, D, G, and H are higher magnification views of the boxed regions A, B, E, and F, respectively. Scale bar: 500 lm (A, B, E, and F) and 200 lm (C, D, G, and H).
has not been investigated. To determine if Sema3C can guide axons from the cingulate cortex, we performed in vitro coculture experiments. Explants from E15.5 cingulate cortex were cultured for 48 h beside cell blocks expressing either Sema3C or a mock-transfected control (Fig. 4A,B) . Neurite outgrowth from explants cultured next to Sema3C-expressing cell blocks was not significantly different from controls (Fig.  4C) . However, explants grown next to Sema3C-expressing cell blocks displayed a significantly higher GR in comparison to those grown next to mock-transfected control cell blocks (P < 0.0005, t-test; Fig. 4D ), indicating that Sema3C attracts cingulate cortex neurites in vitro. Together, these results suggest that cingulate pioneering axons are guided by both repellent and attractant Sema activities at the midline.
Emx2-Deficient Mice Have a Reduced Cingulate Cortex
The homeobox gene Emx2 is expressed in the presumptive cerebral cortex in a high caudomedial to low rostrolateral gradient, where it functions in cortical arealization (Bishop et al. 2000) . As well as exhibiting deficiencies in cortical patterning, Emx2-deficient mice display morphological abnormalities in medial allocortical structures such as the dentate gyrus (Pellegrini et al. 1996) . Pellegrini et al. (1996) also reported that the medial limbic cortex, which includes the cingulate cortex, was shortened in these mutants, but a quantification of this defect and, crucially, how it relates to cingulate pioneers and subsequent CC development was not addressed. We investigated this by first quantifying the size of the cingulate cortex in Emx2 mutants. Coronal sections of E17 wild-type or Emx2-deficient brains were mounted and stained with hematoxylin (Fig. 5A,B ). Sections were then imaged and the dorsoventral width of the cingulate cortex at rostral, middle, and caudal levels measured in wild-type and mutant samples. The dorsoventral width of the cingulate cortex was significantly reduced in comparison to the wild-type control at rostral (P < 0.0001, t-test), middle (P < 0.0001, t-test), and caudal levels (P < 0.005, t-test; Fig. 5C ). Importantly, because the brains of these mutants are also comparatively smaller (Pellegrini et al. 1996) , we also analyzed the width of the cingulate cortex as a ratio of the total dorsoventral width of the brain to determine if there was a disproportionate decrease in cingulate size in Emx2-deficient mice. These analyses revealed that the ratio of cingulate cortex width to dorsoventral width was significantly reduced in Emx2 mutants compared with controls at both the rostral and middle levels (P < 0.005, t-test) but not at the caudal level (Fig. 5D ). This implies that there is indeed a significant decrease in the size of the cingulate cortex in mice lacking Emx2. As this region is the source of Npn1-expressing neurons that pioneer the CC, we next investigated expression of this receptor in Emx2 mutants.
CC Formation Correlates with the Presence of Npn1-Expressing Pioneering Axons
Analysis of sections stained with hematoxylin demonstrated that in Emx2-deficient mice, no callosal axons were observed crossing the midline at rostral levels (Fig. 5A,B ), but at more Figure 4 . Sema3C attracts cingulate cortex neurites in vitro. Cingulate cortex explants grown next to mock-transfected cell blocks (A) or Sema3C-expressing cell blocks (B) for 48 h. Explants have been stained with antineuronal-specific bIII tubulin to visualize neurites. There is no significant difference in neurite outgrowth from explants from either group (C). However, the GR (defined as [(proximal neurite pixels À distal neurite pixels)/(total neurite pixels)) was significantly greater in explants grown next to Sema3C-expressing cell blocks in comparison to controls (*P \ 0.0005), indicating that Sema3C acts as an attractant for neurites from cingulate cortex explants. The arrows in A and B indicate the direction of the cell block relative to the explant. Scale bar: 200 lm. At rostral and middle levels, the ratio of the cingulate cortex dorsoventral size to the total dorsoventral size is significantly reduced in comparison to the control (**P \ 0.0001, *P \ 0.005). (E--P) Coronal sections of E17 wild-type (E--J) or Emx2 mutant (K--P) brains. Npn1 expression is observed on cingulate pioneer axons at rostral, middle, and caudal levels of the wild type (arrows in E--G), and L1-expressing axons are seen crossing the CC (H--J). In the mutant, no Npn1 expression is observed in rostral sections (K), and no axons can be seen crossing the CC using L1 staining (N). At more caudal levels in the mutant, Npn1 expression becomes detectable (arrows in L, M) and L1-expressing axons can be seen crossing the midline through the CC (O, P). Scale bar: 500 lm (A, B) and 200 lm (E--P).
caudal levels, the CC was evident, though much reduced. Immunohistochemical analysis of wild-type brains at E17 demonstrated that Npn1 was expressed by cingulate pioneers at rostral, middle, and caudal levels of the CC (Fig. 5E--G) and that L1-expressing callosal axons form the entire CC at these levels ( Fig. 5H--J) . In contrast, at rostral levels in Emx2-deficient mice, Npn1 expression was absent (Fig. 5K ) and L1-expressing callosal axons did not cross the midline (Fig. 5N) . Importantly, at middle and caudal levels, Npn1 expression became apparent, though at reduced levels (Fig. 5L,M) , and the CC was present, as demonstrated by L1 expression (Fig. 5O,P) . These data indicate that the presence of Npn1-expressing cingulate pioneers and the presence of the CC are correlated, suggesting that Npn1 expression on cingulate pioneers may be critical for the formation of this axon tract.
Cingulate Pioneering Axons Are Misguided in Npn1
Sema-Mutants
Mice lacking Npn1 die at~E13.5 (Kawasaki et al. 1999) , and as such, the role of Npn1 in the formation of the CC cannot be ascertained by the study of these animals. To examine the role of Npn1-Sema signaling in callosal axon pathfinding, we used a knockin mouse line, in which the Sema-binding domain of Npn1 was mutated such that Npn1 could no longer bind Semas (termed Npn1 Sema-knockin mice) but retained its other functions, including the ability to bind vascular endothelial growth factor (VEGF; Gu et al. 2003) . These mice are perinatal lethal and display defects in CC development, including Probst bundle formation (Gu et al. 2003) . However, this study did not specifically address whether axons from the cingulate cortex were misguided in these mice. To address this, we performed carbocyanine tract tracing on Npn1
Sema-mice at E15 and E16, when cingulate pioneers are approaching the midline to initiate CC formation. In both wild-type and mutant mice at these ages, we injected DiI into the cingulate cortex and DiA into the hippocampus. At E15 in the wild type, axons from the cingulate cortex (red) could be seen near the cortical midline, medial, and dorsal to hippocampal axons (green, Fig. 6A--C) . In Npn1
Semamice at E15, however, axons emanating from the cingulate cortex were misguided, appearing more lateral and ventral than hippocampal axons (Fig. 6D--F) . This phenotype was even more apparent at E16, with cingulate pioneers in the mutant forming ectopic bundles medial to hippocampal axons and appearing to extend toward the septum (Fig. 6G--L) . Furthermore, in rostral Sema-mutants at E16 however, cingulate axons are observed lateral to hippocampal axons, projecting into the septum (arrows in L). Panels C, F, I, and L are higher magnification views of the boxed regions B, E, H, and K, respectively. Scale bar: 600 lm (A and D) , 550 lm (G and J), 250 lm (H and K), 200 lm (B and E), 75 lm (I and L), and 50 lm (C and F).
sections of E17 Npn1
Sema-mice, we observed aberrant extension of axons into the septum ( Supplementary Fig. 2 ) using another marker for cingulate pioneer axons, DCC (Shu et al. 2000) . These data demonstrate that pioneering axons from the cingulate cortex are misguided in Npn1
Sema-mutants, suggesting that the callosal defects reported in these mice (Gu et al. 2003) are likely to stem from this defect. This further implicates Npn1 as a key player in CC development.
Discussion
The formation of mature axon tracts is preceded by the extension of axons from pioneer neurons, whose processes initiate tract formation by projecting along specific trajectories. For instance, the 2 major efferent projections from the cortex, the corticofugal pathway, and the CC are pioneered by axons originating in the subplate (McConnell et al. 1989 ) and the cingulate cortex (Koester and O'Leary 1994) , respectively. We have demonstrated here that Npn1 plays a pivotal role in guiding pioneer axons from the cingulate cortex, providing an insight into the molecular mechanisms regulating how cortical pioneering axons are guided as they initiate tract formation. Three pieces of evidence, in particular, emphasize the importance of Npn1 for the guidance of cingulate pioneer axons. First, the spatiotemporal expression of Npn1 and its coreceptors in cingulate neurons and axons coupled with the expression of class 3 Semas at the cortical midline is indicative of a role in axon guidance during the period in which the first axons cross the CC (Rash and Richards 2001) . Second, the presence of guidance defects in cingulate pioneer axons from Npn1
Sema-knockin mice demonstrates a requirement for Npn1 function in the pathfinding of these processes. Third, the absence (rostral) or presence (caudal) of Npn1-expressing pioneers correlates with the presence of the CC in Emx2-deficient mice, a finding that is indicative of a causal link between expression of this receptor on cingulate pioneers and subsequent formation of the callosal tract.
The expression of Npn1, its coreceptors, and its ligands within the cingulate cortex and the cortical midline, during the period in which the CC is first formed, provide us with a framework in which to comprehensively investigate the molecular determinants underlying callosal formation. One immediate challenge is to determine which molecules are the primary ligands for Npn1 expressed on cingulate pioneers. Our data indicate that axons from cingulate cortex explants or from hemisected cortical slices are repelled from cell blocks transiently transfected with Sema3A. These findings are consistent with the published reports that in in vitro culture experiments, axons from cortical explants (collectively including both callosally and subcortically projecting axons) are repelled by Sema3A (Bagnard et al. 1998) and imply that the repulsive activity of Sema3A in the IZ and subcallosal sling may channel cingulate pioneers to the midline during development. Indeed, Sema3A has been demonstrated to be a repellent for axons in a variety of experimental paradigms in vitro. However, although Sema3A-deficient mice demonstrate defects in sensory axon projections in the periphery and the brainstem (Ulupinar et al. 1999) , these defects are later corrected (White and Behar 2000) , and moreover, no significant defects have been noted in the forebrain axonal projections of these mice (Catalano et al. 1998) , including the CC (this study). We did observe that Npn1 expression was slightly reduced in the Sema3A mutants, indicating that some Npn1 positive axons may have been eliminated during development. Thus, although relevant in an in vitro context, the contribution of Sema3A in vivo to the guidance of axonal populations, including cingulate pioneers, is unclear. Our in situ hybridization analysis also indicates that Sema3C is an excellent candidate for guiding cingulate pioneer axons. Sema3C, expressed in the IZ (E15 and E16) and the indusium griseum glia and subcallosal sling (E17), is an attractant in vitro for neurites from neocortical explants (Bagnard et al. 1998 ) and cingulate cortex explants (this study, Fig. 4) . Although a Sema3C knockout mouse has been generated (Feiner et al. 2001 ), a thorough analysis to determine if CC formation is aberrant in these mice has yet to be performed.
Our study demonstrates that axons from cingulate pioneers are misguided in Npn1
Sema-knockin mice. This confirms the requirement for Npn1-Sema signaling in the guidance of the callosal pioneer axons. Our data suggest that both attractive (Sema3C) and repulsive (Sema3A) cues may be required for the guidance of the callosal pioneers. For example, Sema3C could be required to attract the pioneer axons to the midline, where after crossing, they could then be repelled by Sema3A. Such differential guidance mechanisms would be possible through specific coreceptor binding or different intracellular signaling pathways being activated at the appropriate developmental stage.
When interpreting the phenotype of Npn1 Sema-knockin mice, it is important to note that Npn1, although being unable to bind Semas (Gu et al. 2003) , is still expressed on cingulate axons and may be capable of binding to VEGF (Gu et al. 2002) or promoting cell--cell adhesion (Shimizu et al. 2000) . As such, we cannot determine the full extent of Npn1 function in the Npn1 Sema-knockin mice. A recent report using RNA interference-mediated knockdown of Npn1 in vivo has demonstrated that this receptor is required for radial migration of cortical neurons during development (Chen et al. 2008) . A similar experimental approach may provide insights into the function of Npn1 during CC development, as would examining callosal development in a conditional knockout of Npn1.
Emx2 is a homeodomain transcription factor expressed in a graded pattern within the developing neocortex that is high caudally and medially and low rostrally and laterally (Mallamaci et al. 1998) . Emx2 is postulated to regulate arealization within the neocortex in a combinatorial fashion with Pax6 (Bishop et al. 2000) . This hypothesis is supported by analyses of Emx2-deficient mice, in which the rostral and lateral neocortical areas are expanded at the expense of caudal and medial areas (Bishop et al. 2000) . How can we frame our findings within this hypothesis? Although Emx2 is a transcription factor, it seems unlikely that it directly regulates Npn1 expression, as Npn1 expression is only lost in rostral regions of Emx2-deficient brains. Although another transcription factor may be compensating for Emx2 function in more caudal areas of the mutant, a more likely explanation is that the expansion of rostral and lateral regions results in a more caudal localization of the area of the cingulate cortex that would normally express Npn1. Driving expression of Npn1 in vivo using electroporation directly into the rostral cingulate cortex in Emx2 mutants would provide a way to rigorously analyze the contribution of this receptor to the guidance of cingulate pioneers and, moreover, to address the importance of these pioneers to the guidance of later arriving neocortical axons. In summary, our study indicates that Npn1 plays a central role in the guidance of pioneering axons from the cingulate cortex.
